Updated information and services can be found at: The Src family of protein tyrosine kinases have been implicated in the response of cells to several ligands. These include platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and colony stimulating factor type 1 (CSF-1, in macrophages and in fibroblasts engineered to express the receptor). We recently described a microinjection approach which we used to demonstrate that Src family kinases are required for PDGF-induced S phase entry of fibroblasts. We now use this approach to ask whether other ligands also require Src kinases to stimulate cells to replicate DNA. An antibody specific for the carboxy terminus of Src, Fyn, and Yes (anti-cst.1) inhibited Src kinase activity in vitro and caused morphological reversion of Src transformed cells in vivo. Microinjection of this antibody was used to demonstrate that Src kinases were required for both CSF-1 and EGF to drive cells into the S phase. Expression of a kinase-inactive form of Src family kinases also prevented EGF-and CSF-1-stimulated DNA synthesis. However, even though the Src family kinases were necessary for both PDGF-and EGF-induced DNA synthesis in Swiss 3T3 cells, the responses to two other potent growth factors for these cells, lysophosphatidic acid and bombesin, were unaffected by the neutralizing antibodies. Therefore, some but not all growth factors required functional Src family kinases to transmit mitogenic responses.
Fibroblasts can be stimulated to divide by a wide variety of mitogens. The receptors for many of these ligands, for example platelet-derived growth factor (PDGF) and epidermal growth factor (EGF), possess intrinsic protein tyrosine kinase activity. Ligand binding induces receptor dimerization and consequent trans-phosphorylation of the receptor at several sites. These phosphorylated tyrosines form the binding sites for several SH2 domain-containing proteins. In some instances, for example after insulin stimulation, a protein that is heavily phosphorylated by the receptor (in this case, insulin receptor substrate 1) associates with the SH2 domain-containing proteins. Proteins that have been shown to interact with activated receptors include the GTPase-activating protein of ras (rasGAP), phospholipase C␥, three members of the Src family of tyrosine kinases (Src, Fyn, and Yes), phosphatidylinositol 3-kinase (PI 3-K), a phosphotyrosine phosphatase (Syp), and three adaptor proteins (which themselves lack catalytic activity but contain SH2 and/or SH3 domains), i.e., the sem5 homolog (GRB-2), Shc, and Nck (for reviews, see references 2 and 18). Hematopoietic receptor tyrosine kinases are not normally expressed in fibroblasts, but some have also been shown to transmit mitogenic signals when ectopically expressed in NIH 3T3 cells. One example is the receptor for colony-stimulating factor type 1 (CSF-1), which is related to the PDGF receptor and which has been shown to associate with Src family tyrosine kinases (4), PI 3-K (20, 25, 30) , and GRB-2 (29) in fibroblasts. Fibroblasts expressing the CSF-1 receptor can proliferate in response to CSF addition (22) .
Some mitogenic growth factors binds to receptors that lack intrinsic tyrosine kinase activity; these include the receptors for bombesin and lysophosphatidic acid (LPA). Despite the fact that these receptors have no detectable tyrosine kinase activity, stimulation of fibroblasts with these ligands results in the rapid induction of tyrosine phosphorylation of several proteins (6, 11, 13, 33) . Few of these proteins have been identified, but in the case of bombesin and LPA, it has been reported that the focal adhesion kinase (Fak) is activated (6, 11, 34) .
The Src family of protein tyrosine kinases is a group of nine enzymes that are linked to the cytoplasmic face of membranes via amino-terminal fatty acids and contain one SH3 and one SH2 domain as well as a catalytic domain and carboxy-terminal regulatory sequences (3) . Fibroblasts express three highly related members of the Src family: Src, Fyn, and Yes. Stimulation of NIH 3T3 cells and cells engineered to express ectopically the human CSF-1 receptor with PDGF and CSF-1, respectively, increases the kinase activity of Src, Fyn, and Yes transiently and results in their association with the activated receptors (4, 5, 12, 19) . Since the SH2 domains of Src family kinases, which are required for the association (27) , have essentially the same binding specificity (26) , any given receptor subunit will associate with either Src, Fyn, or Yes. EGF stimulation of Src family kinase activity has not been detected; however, an association between the activated EGF receptor and Src has been reported (14) , although it is not clear if this is direct. Finally, LPA has also been found to effect a modest increase in Src kinase activity in certain cell types (7) .
To address which signalling molecules are required for a given ligand to induce S phase entry, receptor mutants that fail to associate with a particular protein have frequently been used. However, this approach is inappropriate when (i) the mutation affects the kinase activity of the receptor (for example, the PDGF receptor lacking Src family-binding sites [16] ); (ii) more than one signalling molecule binds to a single site (for example, PI 3-K and Nck on the PDGF receptor [17] ); (iii) the binding site on the receptor is not known (for example, PI 3-K and the EGF receptor); or (iv) activation of a signalling molecule occurs without association with the receptor (as may be the case with receptors that lack kinase activity). We recently described two approaches that circumvent most of these objections (28) . Both rely on microinjection to introduce proteins into cells transiently. In the first method, a form of the protein of interest that can still bind to the receptor but is catalytically inactive (dominant negative) is expressed in cells, and its effects on signal transduction are measured by monitoring bromodeoxyuridine (BrdU) incorporation. In the second, an antibody specific for the protein of interest is microinjected into cells and signal transduction is assessed. We recently used both of these approaches to demonstrate that Src family kinases are essential for PDGF-induced DNA synthesis (28) . Others have used the dominant-negative approach to show that Src is required for the efficient functioning of the EGF receptor (32) . Here we use both of these methods to investigate the requirement for Src kinases in the response to several other growth factors.
MATERIALS AND METHODS
Growth factors. The growth factors used were as follows: PDGF (Upstate Biotechnology), EGF (Upstate Biotechnology), CSF-1 (a kind gift from the Genetics Institute) and bombesin and LPA (both from Sigma).
Purification of Src from insect cells, and kinase assay. We have previously described a method to purify proteins that contain SH2 domains (10 20 strokes, and the suspension was clarified by centrifugation at 35,000 ϫ g for 30 min. The extract was then passed through a 45--pore-size filter, loaded onto a phosphotyrosine column, and eluted with a gradient of NaCl (0 to 1,000 mM; gradient volume, 30 ml). Fractions containing the pure protein were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by staining with Coomassie blue. Positive fractions were desalted by dialysis against a buffer of 20 mM Tris (pH 7.5) and 2 mM dithiothreitol and concentrated in a Centricon 30 microconcentrator (Amicon). This purification method routinely gave a c-Src fraction with a purity of greater than 90%, as estimated by Coomassie blue staining. Purified Src protein (2 ng) was incubated with 40 ng of the affinity-purified antibodies for 30 min on ice, 2.5 M acid-denatured enolase and 10 M [␥-32 P]ATP were added, and samples were incubated for 5 min at 30ЊC. Products were resolved by SDS-PAGE.
Constructs. cDNAs containing the complete regions of the kinase-active and kinase-inactive form of Src and Fyn were cloned into pSG5 as described previously (28) . The kinase-inactivating mutation in Src was Lys-295 3 Met, and that in Fyn was Lys-299 3 Met.
Antibodies. The cst-1 antibody was raised against peptide YQPGENL, which is present in the C termini of Src, Fyn, and Yes and recognizes all three by immunoblot and kinase assay. The monoclonal Y13-259 ras antibody was kindly provided by Julian Downward and purified on a protein G column (Pharmacia) as specified by the manufacturer. Anti-Src.1 recognizes an epitope in the unique domain of Src (4), and anti-p110.2 recognizes an epitope in the catalytic domain of the PI 3-K (21). Antibodies were purified as described previously (21, 28) . Briefly, ammonium sulfate-precipitated sera were loaded onto Sepharose columns to which the cognate peptides had been coupled, and the columns were washed with 10 mM sodium phosphate-500 mM NaCl buffer (pH 7.0). Antibody was eluted with 1 M propionic acid, and fractions were collected into 1 M ice-cold sodium phosphate buffer (pH 7.0) and concentrated in a minicon microconcentrator (Amicon) to 1 to 2 mg/ml for the ␣cst-1 antibody and 4 mg/ml for Y13-259. Nonimmune immunoglobulin G (IgG) purified from normal rabbits by using the protein G column was mixed with Y13-259 solution to a final concentration of 0.5 mg/ml before microinjection.
Cell culture techniques and microinjection of cells. The cells used were NIH 3T3 cells, NIH 3T3 cells transformed with an activated allele of Src (cSrcY527F), NIH 3T3 cells engineered to express the CSF-1 receptor (T56 cells [23, 25] ), and Swiss 3T3 cells. The cells were grown at 37ЊC in Dulbecco's modified Eagle's medium containing 10% fetal calf serum and antibiotics under an atmosphere of 10% CO 2 . Cells were seeded onto glass coverslips (each coverslip was marked with a diamond knife for location purposes) and grown to 80% confluence. The medium was replaced with Dulbecco's modified Eagle's medium containing 0.5% fetal calf serum, transferrin (5 g/ml), insulin (5 g/ml), and antibiotics or, for NIH 3T3 cells expressing CSF-1 receptors, Dulbecco's modified Eagle's medium containing transferrin (5 g/ml) and insulin (5 g/ml) and incubated for a further 24 to 48 h. In the case of the cSrcY527F cells, microinjections were done in medium containing 10% fetal calf serum. Prior to microinjection, HEPES was added to a concentration of 20 mM. The purified antibodies were injected into cell cytoplasm with an automated microinjection system (AIS, Zeiss) as described previously (1) just prior to growth factor addition, unless stated otherwise. Typically, 100 to 150 cells were microinjected per coverslip. DNA (50 g/ml) was microinjected into the nucleus 6 h prior to growth factor addition. The needles used for microinjection were pulled from capillaries (Clark Electromedical Instruments) with a Fleming-Brown micropipette puller. DNA synthesis was monitored by adding BrdU (final concentration, 100 M; Sigma). The cells were incubated at 37ЊC for a further 18 to 20 h, 24 h (for Swiss 3T3 cells), or 30 h (for cSrcY527F cells) and then fixed for immunostaining.
Immunofluorescence. Coverslips were washed once with PBS and fixed for 5 min with ice-cold methanol. Antibody-injected cells were detected by incubating the coverslips with fluorescein-conjugated goat anti-rabbit antibody (Dianova) diluted in PBS (1:100) for 30 min and then washed three times in PBS. Injected cells overexpressing Src or Fyn were stained with affinity-purified ␣cst-1 antibody (1:50) for 30 min, washed three times with PBS, and then incubated with fluorescein-conjugated goat anti-rabbit antibody. In the case of the cSrcY527F cells, actin was visualised with Texas red-conjugated phalloidin (1:200) . To analyze for DNA synthesis, cells were incubated for 10 min in 1.5 M HCl, washed three times as before, stained with monoclonal (1:15) anti-BrdU antibody (Boehringer), washed again, and then stained with a Texas red-conjugated anti-mouse antibody (Dianova). All coverslips were finally washed in PBS containing Hoechst 33258 (final concentration, 1 g/ml; Sigma), rinsed in water, inverted, and mounted in Moviol (Hoechst) on glass slides. Slides were viewed with an Axiophot fluorescence microscope.
RESULTS
We have previously reported that an antibody specific for the carboxy-terminal tail of Src, Fyn, and Yes (anti-cst-1) was capable of inhibiting PDGF-induced mitogenesis in fibroblasts (28) . The mechanism by which the antibody inhibited signal transduction was not clear, since it was known to precipitate kinase-active Src family molecules. To investigate this, we tested its effect on purified Src in solution. We have previously described a protocol for the one-step purification of SH2 domain-containing proteins from baculovirus-infected insect cells by phosphotyrosine affinity chromotography (10) . Wild-type human Src obtained from a baculovirus expression system was purified in this way and incubated with affinity-purified antibodies prior to the kinase assay. Figure 1A shows that the cst-1 antibody caused a significant reduction in the kinase activity of Src. On average, the inhibition was approximately threefold and was detected with more than one preparation of antibody. The antibody inhibited the enzyme activity of Src rather than affecting substrate binding, since the kinase assay was carried out under conditions of substrate excess. A Src-specific antibody, ␣Src.1, which recognizes an epitope in the unique domain of Src, also had a modest inhibitory effect on Src activity. Csk kinase activity (a tyrosine kinase not recognized by anticst-1) was not inhibited with the cst-1 antibody, and antibodies specific for the PI 3-K or Yes did not inhibit Src activity in vitro, showing that the effect of cst-1 was specific ( Fig. 1A; data not shown). However, we have also observed the inhibitory effect of the cst-1 antibody on purified preparations of the related kinase Fyn (data not shown).
To examine the effect of anti-cst-1 in vivo, it was microinjected into cells transformed with an activated allele of Src (cSrcY527F). The cst-1 antibody, but not nonspecific IgG, caused phenotypic reversion of the transformed cells, as measured by morphology and actin staining (Fig. 1B) . The cells became flatter and showed a reduced number of actin-containing ring-shaped membrane ruffles characteristic of the transformed cells; stress fiber formation was also visible. No morphological changes were detected in Ras-transformed cells into which the cst-1 antibodies had been microinjected (data not shown). Thus, the cst-1 antibody neutralizes the effects of Src and presumably also of Fyn and Yes in vitro and in vivo.
We have previously shown that Src family tyrosine kinases are required for PDGF to transmit a mitogenic signal in NIH 3T3 cells (28) . We have also demonstrated that when heterologously expressed in fibroblasts, the closely related CSF-1 receptor activates and associates with tyrosine kinases of the Src family (4). We therefore tested whether Src family kinases were required for CSF-1 receptor-mediated mitogenic signals. In the experiment whose results are shown in Fig. 2 , quiescent fibroblasts expressing the CSF-1 receptor (T56 cells) were seeded onto coverslips and given microinjections of affinitypurified cst-1 antibodies or of the same antibodies pretreated with cognate peptide prior to microinjection. BrdU and human CSF-1 were added, and the cells were incubated at 37ЊC for 18 h, fixed, and stained. The cst-1 antibody inhibited the ability of the cells to respond to CSF-1, whereas the cells given microinjections of the mix of antibody and peptide were not inhibited. The data obtained with several hundred cells analyzed in this way are shown in Fig. 3 . When a suboptimal dose of CSF-1 was used, approximately 35% of cells entered the S phase in response to the ligand, and microinjection of anti-cst-1 inhibited this by more than 85% (Fig. 3A) . When a saturating dose of CSF-1 was used (Fig. 3B) , inhibition by the cst-1 antibody was still observed, although in this case it was not as pronounced, being approximately 65%. In both cases, the inhibi-tion was at least partially reversed by cognate peptide, demonstrating the specificity of the effect. Finally, we used the dominant interfering construct of Src that we have previously described to test whether we achieved the same inhibition (Fig.  3C) . First, a plasmid expressing a kinase-active form of Src (SrcK ϩ ) under the control of the simian virus 40 promoter was microinjected into T56 cells, and a concentration of DNA that did not stimulate cells to enter the S phase in the absence of added growth factors was determined. This ensured that the level of overexpression of Src was not high enough to cause transformation and growth factor independence (it has been demonstrated that when Src is overexpressed by more than 20-fold, it can no longer be regulated, and partial transformation ensues [8] ). Microinjection of this amount of SrcK ϩ had no effect on CSF-1 induction of the S phase. However, cells expressing equivalent levels of kinase-inactive Src (SrcK Ϫ ) were strongly inhibited in their ability to respond to CSF-1. These data therefore confirm the observations made with the antibodies: Src family kinases are required for an efficient response to CSF-1. To examine the duration of the requirement for Src family kinases, quiescent T56 cells were stimulated with CSF-1 and then given microinjections of anti-cst-1 at various times after growth factor addition. Figure 4 shows that the antibody still had significant inhibitory effects several hours after CSF-1 addition, demonstrating that the Src family kinases are required for the first 8 to 10 h of G 1 .
Several experiments have implicated the Src family kinases in the response to EGF. The most compelling observations are those from the Parsons laboratory that cells overexpressing kinase-active forms of Src are hyperresponsive to EGF (15) and, conversely, that cells that contain modest levels of kinaseinactive Src respond poorly to EGF (32) . We investigated this further with our microinjection system. The anti-cst-1 antibody caused a strong inhibition of EGF-induced DNA synthesis, which was more pronounced at low doses of EGF than at saturating doses ( Fig. 5A and B) . The specificity of the inhibition was demonstrated by the partial reversing effects of the cognate peptide. Furthermore, the inhibitory effect of the antibody was observed not just in NIH 3T3 cells but also in Swiss 3T3 cells, which respond well to EGF (data not shown). In keeping with the results of Parsons and coworkers, SrcK Ϫ had a strong inhibitory effect, whereas SrcK ϩ at the same concentration did not (Fig. 5C ). We also investigated whether this effect was specific to SrcK Ϫ by testing constructs expressing a kinase-inactive form of Fyn, FynK Ϫ (28). We found that this protein was as effective as SrcK Ϫ in inhibiting EGF-induced DNA synthesis (Fig. 5C ). In contrast, FynK ϩ had no inhibitory effect on EGF signalling, as measured in this assay.
To date, our analyses with both dominant-interfering mutants and antibodies have shown that PDGF, EGF, and CSF-1 all require Src family tyrosine kinases to transmit mitogenic signals. Do all growth factors require Src kinases? To investigate this, we used Swiss 3T3 cells, which respond well not only to PDGF and EGF but also to two other ligands, bombesin and LPA. The receptors for these last two ligands are coupled to G proteins; however, ligand stimulation results in a rapid increase in tyrosine phosphorylation (6, 11, 13, 33) . Indeed, LPA treatment of neuroblastoma cells has been reported to activate Src (7). Figure 6 shows that the Swiss 3T3 cells responded well to PDGF, LPA, and bombesin. However, the cst-1 antibody inhibited only PDGF-induced DNA synthesis and had no effect on either bombesin or LPA. We have also found that SrcK Ϫ had no inhibitory effect on LPA-induced DNA synthesis (data not shown). Finally, we showed that even though bombesin did not required Src family kinases, DNA synthesis was dependent on functional Ras proteins (Fig. 6 ).
DISCUSSION
We have used two different approaches to test which growth factors require Src family protein tyrosine kinases to induce DNA synthesis in fibroblasts. In the first, an affinity-purified antibody, termed cst-1, that recognizes the carboxy termini of the related kinases Src, Fyn, and Yes was microinjected, inhibiting the response of cells to both CSF-1 and EGF but not to LPA nor bombesin. We also show that this antibody reduced the intrinsic kinase activity of Src (and Fyn [data not shown]) when tested in a solution kinase assay in vitro and morphologically reverted Src-transformed cells when microinjected in vivo. It seems likely, therefore, that the antibody will also lower kinase activity in vivo and that this would explain, at least in part, its inhibitory effect on certain growth factor responses. This may not be its only mode of action, however; we have previously speculated that since the antibody recognizes an epitope in close proximity to the SH2 domain, it may also interfere with the ability of the Src kinases to associate with specific phosphotyrosines on interacting proteins (28) . The second approach involved microinjection of plasmids encoding kinase-active and -inactive forms of Src. SrcK Ϫ also inhibited both CSF-1 and EGF but not LPA-induced DNA synthesis, in complete agreement with the antibody experiments. An important control when overexpressing proteins that contain SH2 domains is to demonstrate specificity. We showed that the kinase-active form of Src or Fyn did not perturb signalling in response to EGF when expressed at the same concentration as SrcK Ϫ or FynK Ϫ . This demonstrates that the inhibitory effect was probably due to competition with wild-type Src family kinases for receptor-binding sites and/or substrate proteins and not to nonspecific SH2 domain competition, which would have been expected to occur with SrcK ϩ as well. With the antibody microinjection experiments, we noticed that the degree of inhibition we observed depended on the concentration of growth factor used; more inhibition was observed at suboptimal doses of ligand than at saturating doses. This observation is not restricted to the cst-1 antibody, since we also observed it with antibodies specific for PI 3-K, which is required for DNA synthesis in response to PDGF and EGF but not to CSF-1, LPA, or bombesin (21) . We could think of two explanations. Either the antibodies are not able to neutralize all of the target proteins within cells, so that the larger the number of receptors activated, the more likely it is that some are able to associate with active targets. Alternatively, at suboptimal concentrations of ligand, the receptors are more dependent on multiple signalling pathways than at higher concentrations. The latter explanation might account for the apparent lack of requirement for receptor-associated proteins that has been reported [for example, for PI 3-K [9, 31] ). This hypothesis can be tested by microinjecting mixtures of antibodies, and these experiments are in progress.
Our observations that Src family protein tyrosine kinases are required for fibroblasts to respond to EGF are consistent with the observations of Parsons and collaborators (15, 32) . Nevertheless, activation of Src family kinases by EGF treatment has not been reported, and although a recent report suggests that there may be a weak interaction of Src and the activated EGF receptor (14) , this was not seen in a reconstituted system (4) . The experiments reported here and previously have demonstrated that functional Src family kinases are required for several hours after growth factor stimulation. Microinjection of antibodies as late as 8 to 10 h after growth factor stimulation caused a significant inhibition of CSF-1-and PDGF-induced DNA synthesis (28; also see above). Experiments to date have concentrated on events occurring within the first hour after growth factor stimulation. Our future experiments will look at later times for EGF-mediated Src and Fyn kinase activation and/or association with other proteins.
Both bombesin and LPA induce increases in tyrosine phosphorylation (6, 11, 13, 33) . A modest stimulation of Src activity in neuroblastoma cells treated with LPA has also been reported (7). Furthermore, tyrosine kinase activity is required for LPA-induced mitogenesis (24) . It is unlikely from the data reported here that bombesin and LPA require Src family kinases to induce DNA synthesis (although they may play a role in cytoskeletal and/or shape changes in response to these ligands). Other kinases must therefore be involved. The focal adhesion kinase (Fak), whose activity is increased in bombesinand LPA-treated Swiss 3T3 cells (6, 11, 34) , is a likely candidate.
Why do PDGF, CSF-1, and EGF signalling require Src family kinases? One model that has been proposed is amplification of signals. However, this seems unlikely, given that only a small percentage of the activated PDGF and CSF-1 receptors associate with Src kinases. It seems more probable that the Src family kinases phosphorylate proteins that are not substrates for the receptors themselves. This hypothesis is supported by recent observations that Src and the PDGF receptor have distinct substrate specificities in vitro (1a) . We are currently measuring the phosphorylation of certain potential substrates, particularly at late times after growth factor addition. We are also using the microinjection techniques described here to attempt to define the signalling pathway in which the Src family kinases participate. 
